Introduction
Recent decades of basic research into cellular and molecular mechanisms of vestibular compensation have produced important insights into functional plasticity of the central nervous system. For example, a considerable body of evidence indicates that vestibulo-ocular reflex plasticity is mediated by protein kinase C (PKC)-dependent mechanisms in modular vestibulocerebellar cortico-nuclear microcircuits termed microcomplexes, which are small networks involving the inferior olive, vestibular nuclei, nucleus prepositus hypoglossi and the flocculonodular lobe (Ito, 2001) . Inhibition of flocculonodular lobe Purkinje cell PKC blocks adaptive modification of vestibulo-ocular (De Zeeuw et al., 1998) and optokinetic (Shutoh et al., 2003) responses. In this regard, it is significant that Purkinje cells in different flocculonodular lobe microcomplexes show transient molecular changes in specific PKC isoform expression during compensation for unilateral ablation of vestibular endorgans (Balaban and Romero, 1998; Balaban et al., 1999; Goto et al., 1997) and that PKC inhibition retards the resolution of spontaneous nystagmus in these animals (Balaban et al., 1999) . Inhibition of flocculus PKC also prevented a compensatory increase in the intrinsic excitability of medial vestibular nucleus neurons during early vestibular compensation (Johnston et al., 2002) . Although cerebellar long term depression (LTD) is induced in Purkinje cells by processes that require simultaneous parallel and climbing fiber activity and PKC activation (De Zeeuw et al., 1998; Ito, 2001; Leitges et al., 2004; Linden and Connor, 1995) , the PKC-mediated effects on both cerebellar motor learning and oculomotor aspects of vestibular compensation likely include mechanisms in addition to LTD (Faulstich et al., 2006; Schonewille et al., 2011) . A number of comprehensive reviews provide additional examples of the value of vestibular compensation as a model system for investigating dynamic neural reorganization of sensorimotor processes (Cullen et al., 2009; Dutia, 2010; Gliddon et al., 2005; Lacour and Tighilet, 2010) . Unfortunately, these advances in understanding of basic processes of vestibular compensation have found very little translational application into therapies that improve compensation outcomes in patients. By contrast, vestibular rehabilitation therapy has been a remarkable success story. This communication explores implications of Lacour's (Lacour, 2006) observation that vestibular compensation includes a rapid, 'vestibulo-centric' static process and a longer term, dynamic, distributed learning process. We suggest that the focus of the basic scientific approach on spontaneous compensation after peripheral vestibular ablation elucidates only mechanisms that bring a patient to the functional point of entry into rehabilitation therapy. Vestibular rehabilitation therapy improves dynamic performance by replacing systematically some previously compensatory strategies with new, learned strategies that enhance functional recovery. The therapy is guided by three implicit assumptions. Firstly, spontaneous compensation is not optimal. Secondly, compensation is viewed as a top-down, ordered process, proceeding from eye-head stabilization to dynamic gait stabilization. Thirdly, effective rehabilitation involves stepwise guidance of adaptive learning to achieve interim goals of increasing complexity. For example, a first goal in vestibular rehabilitation is to overcome the voluntary ('adaptive') limitations on head movements that patients often adopt to minimize precipitating disequilibrium and nausea (Herdman and Whitney, 2007) ; other interim goals may only be intermediate steps to enable further improvement. The implication is obvious: scientific paradigms for studying vestibular compensation should be expanded to elucidate mechanisms that are likely to be clinically meaningful for improving rehabilitation outcomes.
There is a common fallacy that translational research is strictly a 'bottom-up' process from the laboratory bench, via animal model trials, to the clinic. To the contrary, the fundamental importance of the clinical to basic research path in experimental medicine was emphasized by Claude Bernard (Bernard, 1875 more than 130 years ago in the statement that experimental medicine '' yclaims knowledge of the laws of healthy and diseased organisms, not only as to foresee phenomena, but also so as to be able to regulate and alter them within certain limits. Accordingly, we easily perceive that medicine tends to become experimental, and that every physician who gives his patients active medicine cooperates in building up experimental medicine.'' Stated simply, basic investigators have the task of providing therapeutically relevant explanations for the outcomes of the patientoriented and disease-oriented clinical research. Hence, this review focuses on lessons from procedures and outcomes of vestibular rehabilitation therapy that can inform the experimental analysis of vestibular compensation. Conversely, we discuss how principles from laboratory studies of vestibular compensation inform and are validated by clinical rehabilitation practice.
2.
Vestibular rehabilitation as an experimental approach to clinically relevant vestibular compensation 2.1.
History and relationship with 'stages of compensation' Vestibular rehabilitation is a therapeutic approach to enhance functional vestibular compensation. Sir Terence Cawthorne and F.S. Cooksey (Cawthorne, 1945 (Cawthorne, , 1949 Cooksey, 1945) are credited with formalizing the concept of vestibular rehabilitation by developing a balance rehabilitation strategy for British soldiers injured in the Second World War. Despite the success of their work, vestibular rehabilitation was largely ignored until half a century later, when a number of investigators began to develop new outcome-based strategies for treating balance disorders (Herdman, 1990; Norré and Beckers, 1988; Odkvist and Odkvist, 1988; Shumway-Cook and Horak, 1990; Smith-Wheelock et al., 1991) . The empirical successes of the treatment resulted in an expansion of the discipline, with gradual introduction into mainstream physical therapy educational programs. Finally, a Cochrane review concluded in 2007 that ''there is moderate to strong evidence that vestibular rehabilitation is a safe, effective management for unilateral peripheral vestibular dysfunction, based on a number of high quality randomized controlled trials'' (Hillier and McDonnell, 2007) . This conclusion was reaffirmed in 2011 with a second Cochrane review (Hillier and McDonnell, 2011) .
Vestibular rehabilitation therapy commences in the second of three classically described stages of experimental and clinical compensation to unilateral vestibular dysfunction (Llinas and Walton, 1979; Smith and Curthoys, 1989; Spiegel and Sommer, 1944) . The acute or critical phase is characterized by sensations of vertigo, spontaneous nystagmus in the light, postural symptoms both at rest and during gait, and neck torsion. The second phase has been termed symptom resolution, which marks a high impact window for rehabilitation therapy. It ends with final phase when there is no further improvement, which can be termed 'terminal compensation'. However, this characterization belies, as stated by Curthoys and Halmagyi (1999) , that vestibular compensation is ''composed of a number of processes which are intertwined seamlessly to provide the basis for a continuum of recovery.'' These compensatory processes affect responses that include tonic (horizontal and torsional) eye position, sensation of body position or motion (e.g., vertigo), dynamic performance and axis of rotation of vestibulo-ocular reflexes, eye-head coordination, static postural maintenance and gait.
An alternative conceptualization is to consider the scenario of a unilateral vestibular insult as the sudden replacement of stable, adapted gaze and balance with a chaotic orientation state (Fig. 1) . The early biological response has two components, (1) repair and remodeling at sites of injury and (2) adaptive functional responses at multiple intact sites within balance control pathways. The acute responses fall within the purview of 'vestibulo-centric' static adaptations (Lacour, 2006) , while the latter processes correspond to longer term dynamic adaptations. The acute, naturalistic responses have been the focus of basic research. The later functional reorganization, on the other hand, is targeted by vestibular rehabilitation.
Therapeutic goals and strategies for vestibular rehabilitation
The primary goals of rehabilitation therapy are to improve balance function, reduce the risk of falling, and improve the patient's quality of life. Stated from a basic science perspective, the therapist tries to achieve the best possible functional b r a i n r e s e a r c h 1 4 8 2 ( 2 0 1 2 ) 1 0 1 -1 1 1 vestibular compensation (Herdman and Whitney, 2007) . The approaches are designed to improve functional balance performance through retraining. The tools for retraining are defined operationally as adaption, substitution, and desensitization. In adaptation, a patient learns to adapt to the component of balance that is working improperly either by ignoring it or repairing it. Hence, it is a modality-specific strategy to reach the best restoration of residual function. Substitution refers to a process of learning to substitute other sensory information or activities to improve balance performance. For example, visual and haptic cues can be used to compensate for residual deficits in vestibular transduction; in the absence of visual input (eyes closed), patients with bilateral vestibular dysfunction rely on proprioceptive input for roll plane sway stabilization during static stance (Horlings et al., 2008) . Desensitization is the process of learning to tolerate an abnormal response. It is very similar to cognitive and behavioral therapies for anxiety disorders (Beidel and Horak, 2001) .
These recovery strategies are recruited by specific exercises that are designed to decrease dizziness (a percept), improve static and dynamic balance function (motor performance), and increase general activity levels (restoration of daily activities) (Herdman and Whitney, 2007; Whitney and Sparto, 2011) . Because they involve self-generated activity, the exercises provide stimulation to foster integration (compensation) of the somatosensory, visual, and vestibular information processing for graded levels of skilled spatial orientation. Exercises to decrease dizziness may focus on exposure to specific stimulus profiles for habituation or attenuation of the perceptual response. Balance retraining exercises are designed to improve organization of sensory information for balance control and coordination of muscle responses. General activity exercise involves a daily aerobic exercise program of progressive walking, cycling, or swimming. One states the obvious by asserting that the success of these strategies in improving functional balance performance is a direct reflection of their ability to engage adaptive processes to achieve compensation. Because compensation is a dynamic process, one expects that the best empirical results will be achieved when each modality of intervention is delivered at the appropriate time in the process.
3.
Top-down strategies in clinical assessment and vestibular rehabilitation 3.1.
Therapeutic progression proceeds from head control to locomotion Empirical principles for vestibular rehabilitation practice include an implicit top-down strategy for progression of exercises. The therapy progression can be summarized from the literature (Herdman and Whitney, 2007; Whitney and Sparto, 2011) as follows. If patient are incapable of standing safely, they remain seated and perform active eye and head movements while fixating on a point in a lighted room. If the patient is capable of standing safely, static postural control exercises are initiated simultaneously. The difficulty of the exercises is then increased progressively, within tolerance limits of the patient. For example, the speed and frequency of head movements are increased and the head movements can be performed with eyes closed. For postural exercises, the base of support is altered and head movement exercises of progressive difficulty are performed simultaneously. A similar progression of therapy strategy is followed for dynamic gait rehabilitation. A natural adaptive progression from head control on seated body, to head control while standing to head control while walking (i.e., from eye-head coordination to static postural coordination to dynamic postural coordination) has contributed to the empirical success of vestibular rehabilitation.
The term optimization is inappropriate for systems such as balance control, where performance simply needs to be 'good enough' for daily activities. Experience teaches that vestibular, visual and somatosensory modalities have different patterns of influence on postural control among normal subjects (Collins and De Luca, 1995; Lacour et al., 1997) . Therefore, it is not surprising that there are multiple strategies for sensory weighting after balance rehabilitation (e.g., Horak et al., 1990; Lacour et al., 1997) . Hence, the top-down trajectory to terminal compensation and adaptation should be conceptualized as an sequential process of satisficing (Simon, 1955 (Simon, , 1956 ) during more challenging activities.
The vestibular rehabilitation approach to compensation is based upon the concept that functional restoration requires a systematic reintegration of the multiple sensory modalities involved in balance in an appropriate order (and time frame) to improve outcomes. The therapeutic goal is achieved by re-establishing relationships between balance-related sensory signals that are referenced to the head, the retina or postcranial body regions (trunk and limbs). Vestibular sensory information is head-referenced; semicircular canal and otolith organs provide linear and angular acceleration signals relative to their fixed orientation in the skull. Because eye movements alter the orientation of the retinae (eccentricity and vergence angle) relative to the head, visual information for spatial orientation must placed in head-referenced (vestibular) coordinates. Proprioceptive and visceral information are body referenced (Balaban and Yates, 2004) .
Rehabilitation exercises target functional subsystems
A vestibular physical therapy program integrates exercise procedures that are designed to improve performance of the vestibulo-ocular reflex (VOR), cervico-ocular reflex (COR), depth perception (DP), somatosensory retraining (SS), dynamic gait, and aerobic function (Herdman and Whitney, 2007; Whitney and Sparto, 2011) . The VOR and COR exercises engage plasticity of these reflex pathways. The DP exercises are designed to recalibrate depth and spatial perception of the current sensory information. These VOR, COR, and DP exercises are graded in difficulty, based on velocity of head and object motion. They are also performed, in a progression of difficulty, while sitting, standing and walking to foster topdown integration of motor control. The SS exercises are more integrative and require compensation to the extent that a patient can stand. They are performed while standing and are introduced in order of increasing difficulty. The functional difficulty is augmented by narrowing the base of support, making the surface uneven, or changing the compliance of the substrate. Large amplitude head and trunk movements are also employed to increase the range of somatosensory input to span the normal functional range. These exercises include the Proprioceptive Neuromuscular Facilitation (PNF) techniques of slow reversal head and neck patterns, modified chopping and lifting for head and trunk in progression from supine, to sitting, and standing postures and total body mass rolling activities. Dynamic gait exercises extend activities to walking. These activities are graded in difficulty by changing direction, performing with the eyes closed, increasing speed of ambulation, walking on soft surfaces, or navigating stairs. An aerobic exercise home program increases progressively the time, speed, or distance that the patient can tolerate.
Clinical experience indicates that a top-down rehabilitation strategy is tolerated well by patients and produces impressive outcomes in terms of both subjective patient and objective functional metrics. The status of VOR function and eye tracking function at the initiation of therapy are an important factor in selecting initial therapeutic procedures and interim target outcomes. Patients simply cannot master somatosensory exercise and PNF skills without at first gaining control of eye motion and eye-head coordination (Herdman and Whitney, 2007; Whitney and Sparto, 2011) . As a result, a great deal of time and attention is directed, both initially and throughout therapy, at challenging the VOR and gaze control. The integration of the head motion with eye motion during gaze shifts is an important precursor for performance of somatosensory exercises, PNF tasks, and mastery of basic cardiovascular and strength exercises. Poor static and dynamic head positioning also creates a strain on the neck which may result in negative feedback on balance function through altered COR or impaired interpretation of torso and limb somatosensory cues.
4.
Progression of exercise difficulty in vestibular rehabilitation: Compensation as a stepwise learning process 4.1.
Spontaneous compensation without rehabilitation therapy
Sensorimotor performance
Experience with vestibular rehabilitation indicates that outcomes are improved by stepwise achievement of interim goals, which may require replacing previously compensatory strategies with new, learned strategies that enhance functional recovery. The first benchmark, resolution of nausea, severe vertigo and spontaneous nystagmus, is typically achieved prior to initiating rehabilitation (Herdman and Whitney, 2007) . It has long been recognized that this benchmark is a necessary but insufficient condition for vestibular recovery. Although spontaneous nystagmus in the light resolves quickly (Curthoys and Halmagyi, 1999; Halmagyi et al., 2010; Smith and Curthoys, 1989) , this functional milestone alone is not prognostic for immediate improvement in balance function or successful rehabilitation. In rats, tonic head deviation improves markedly within one hour of unilateral vestibular injury (Llinas and Walton, 1979) , but spontaneous nystagmus in the light resolves over approximately 48 h (Balaban et al., 1999; Llinas and Walton, 1979) . Patients with sudden unilateral vestibular dysfunction show a similar sequence of early compensation within the 3-5 days prior to earliest initiation of therapeutic vestibulo-ocular exercises (Enticott et al., 2005; Herdman et al., 1995; Vereeck et al., 2008) . Tonic yaw head deviation often improves within 2-3 days, with only slight head-on-trunk yaw or roll deviation when standing 7 days after injury (Borel et al., 2002) . Spontaneous nystagmus in patients often resolves during the same time frame in the light, but nystagmus reappears when visual fixation is abolished by Frenzel lenses or in darkness for a more prolonged period of time. These early static (or tonic) adaptations stabilize (1) the orientation of head re: trunk and (2) the orientation of the retinas re: head, providing a common coordinate frame for interpreting residual vestibular information with visual, somatosensory and visceral signals that convey gravitoinertial information. We suggest that these changes mark a first milestone of functional compensation, which provides a reference frame for re-establishing balance function but includes self-limiting features that are overcome by rehabilitation. A static head tilt aligns the head to the perceived orientation from the intact saccule and utricle, in the absence of input from the damaged side. In addition, patients often adopt voluntary limitations on head movements to minimize disequilibrium and nausea (Herdman and Whitney, 2007) , which is 'unlearned' by VOR and COR rehabilitation exercises.
From a functional perspective, it is equally important to recognize that the influence of vestibular, visual and somatosensory (including proprioceptive) information on postural control varies among normal subjects (Collins and De Luca, 1995; Lacour et al., 1997; Peterka et al., 2011) , presumably because there is no unique optimal strategy, A corollary to this principle is that the first milestone of compensation reflects trade-offs between multiple demands for reorganizing balance control. The tradeoffs can also produce collateral consequences. One cautionary case was raised by Peterka and Benolken (1995) in studies of visually induced postural sway in normal subjects and patients who had compensated for bilateral vestibular loss. They found no differences in somatosensory cue sensitivity and argued that apparent visual sensitivity changes were a secondary effect of the loss of vestibular suppression of postural sway in the patients.
The high prevalence of the clinically significant head tilt and static head position deviation after recovery from spontaneous nystagmus has been noted repeatedly (Halmagyi et al., 2010) . Although the magnitude of spontaneous sway normalizes over the first month after damage (Fetter et al., 1991; Lacour et al., 1997) , static postural control is strongly dependent upon the availability of visuospatial information during the first 3 months after unilateral vestibular injury. Tonic trunk yaw and roll deviation both resolve in the light within 30 days of injury, but trunk yaw deviation and a combined head-trunk roll deviation persist in the dark for at least 3 months (Borel et al., 2002) . One is faced often with patients who no longer have acute spontaneous nystagmus but still have imbalance and visual abnormalities (head tilt, impaired smooth pursuit, and limits on head motion). In fact, the persistent static head tilt, visual dependence and limited spontaneous head motion are components of the motor strategies utilized to suppress the acute spontaneous nystagmus in the light and re-establish a common reference frame for vestibular, visual and somatic balance-related information. Hence, self-imposed limits on head movement are a simple (but effective) strategy to stabilize head-referenced senses.
The dynamic performance of vestibulo-ocular reflexes (VORs) improves more gradually and recovery is often incomplete. The horizontal VOR performance is attenuated and highly asymmetric during the first week after unilateral damage, with a gradual increase in gain and increased symmetry within one year (Allum et al., 1988; Allum and Ledin, 1999) . However, considerable asymmetry can still persist chronically (1-5 years) during transient head movements (Crane and Demer, 1998) . Similarly, the horizontal VOR time constant is shortened bidirectionally for the first month after insult, recovering gradually within 1 year to normal performance only for rotation toward the intact side (Allum et al., 1988) . By contrast, dynamic trunk sway during bipedal stance (eyes closed) is almost normal after 3 months of compensation. However, trunk sway resolves more slowly (eyes open or closed) for more difficult tasks, such as onelegged stance and gait (Allum and Adkin, 2003) . A skilled therapist uses a patient's perceived gradient in task difficulty to define the sequence from therapeutic progression of retraining in vestibular rehabilitation.
Cognitive and information processing impairment and vestibular compensation
Quantitative analysis of empirical case histories and detailed interview data indicate that both vertiginous patients and individuals undergoing vestibular rehabilitation perceive cognitive limitations after developing the balance disorder (Jacobson and Newman, 1990; Morris et al., 2008; Yardley and Putman, 1992) . This perception is sufficiently prevalent and robust that impaired ability for concentration, attention and/or memory meets statistical criteria for inclusion in the Dizziness Handicap Inventory (DHI) and related questionnaire instruments for subjective impairment (Hazlett et al., 1996; Jacobson and Newman, 1990; Morris et al., 2008 Morris et al., , 2009 . However, this item is far from a specific or sensitive detector of cognitive function. The formulators of the DHI noted originally that subjective difficulty concentrating is correlated with items indicating both functional and emotional effects (Jacobson and Newman, 1990) . Later multivariate analyses of DHI results (both factor analysis and latent variable modeling) confirm that this item is related to a sense of impaired quality of life, including activities daily living and social interactions (Asmundson et al., 1999; Perez et al., 2001; Tamber et al., 2009; Vereeck et al., 2007) .
Studies of interactions between postural control and cognitive task performance have yielded explicit evidence of slower and less accurate auditory choice reaction time task performance in patients who have compensated from unilateral vestibular dysfunction (Talkowski et al., 2005; Yardley et al., 2001 ). Seated subjects with a documented pre-existing vestibular disorder showed significantly prolonged reaction times from control subjects for tone-related tasks of varying complexity, including a go/no-go task (Talkowski et al., 2005; Yardley et al., 2001) . The patient group also made more errors on a more complex task using spoken numbers as stimuli (Yardley et al., 2001 ). However, simple auditory reaction time performance was unchanged relative to the control subjects (Talkowski et al., 2005) . These studies provide objective support that more sluggish information processing may contribute to the perception of difficulties with concentration and memory by these patients. Longitudinal tracking of cognitive task performance is needed to assess how information processing capabilities are impacted by processes of vestibular compensation.
These changes in choice reaction time performance may provide a metric of dysfunction and reorganization of vestibular influences on regions such as the amygdala, prefrontal cortex and hippocampus. Functional imaging studies have shown that caloric irrigation or galvanic vestibular stimulation produce increased blood flow in cognition-related regions that include the posterior and anterior cingulate gyri, orbitofrontal cortex, and prefrontal cortex (Bottini et al., 2001; Bucher et al., 1998; Dieterich et al., 2003; Dieterich and Brandt, 2008; Eikhoff et al., 2006; Fasold et al., 2002; Lobel et al., 1998; Suzuki et al., 2001) . Caloric stimulation produces similar effects on blood flow in the hippocampus (Bottini et al., 2001; Dieterich et al., 2003; Suzuki et al., 2001 ) and hippocampal atrophy has been associated with bilateral vestibular lesions (Brandt et al., 2005) . It is, therefore, of particular interest that cognitive function can be impaired by dendritic atrophy in the prefrontal cortex (Arnstein, 2009) and the hippocampus (Ulrich-Lai and Herman, 2009) that accompanies acute and/or chronic effects of anxiety and stress. The vulnerability of these regions increases with aging (Lupien et al., 2009 ) and the dendritic atrophy (and altered spine turnover) at these sites can also be elicited by pharmacological manipulation of glucocorticoid receptors (Liston and Gan, 2011; McEwen, 2010) . These stress responses are also mediated by structures such as the dorsal raphe nucleus, locus coeruleus and the central amygdaloid nucleus (Joë ls and Baram, 2009) , which are linked to vestibular information processing (Balaban et al., 2011; Halberstadt and Balaban, 2006a , 2006b Schuerger and Balaban, 1999) . Hence, studies of the cognitive aspects of vestibular compensation will need to be sensitive to effects of incidental chronic and acute stress responses, in addition to standard measures of sensorimotor and cognitive performance.
Vestibular rehabilitation therapy interventions: improving dynamic recovery
Empirical outcomes from vestibular rehabilitation practice suggest that dynamic VOR recovery is limited, to a large extent, by the restricted range of spontaneous head motion that is adopted during static head and trunk compensation (Herdman and Whitney, 2007) . This limited movement range of the head in space is an adaptation (a form of natural vestibular compensation) to minimize visual-vestibular mismatch consequences created by an abnormal dynamic VOR. However, limited head motion greatly limits engagement of the profound plasticity of human vestibulo-ocular reflexes (Gauthier and Robinson, 1975; Gonshor and Melvill Jones, 1976a,b; Kramer et al., 1998; Schubert et al., 2008; Shelhamer et al., 1992 Shelhamer et al., , 2002 for the recovery of dynamic VOR function. The therapist utilizes active head-based exercises to drive active recovery of gaze (and hence, VOR) control. When treatment is initiated, the exercises are most commonly performed while seated, which eliminates poor postural control as a confounding factor and creates a stable base for eye-head-trunk coordination training. Graded integrated recovery is achieved by introducing active head movement exercises while the patient is standing, followed by introduction while walking.
The time course for dynamic VOR recovery is influenced profoundly by exercise therapy. Significant recovery usually requires approximately 4 weeks of therapy and there is no evidence of improvement at 4 weeks in those not receiving therapy (Herdman et al., 2003) . A number of investigators have documented advantages of visual based therapy for improving global recovery time (Chen et al., 2011; Cohen, 2006) . The oculo-motor and gaze stability exercises also improve postural stability dramatically, even without posture training (Morimoto et al., 2011) . Surprisingly, optokinetic (OKN) based therapy can produce a significantly better outcome than computerized dynamic posturography (CDP)-based postural rehabilitation on a number of postural measures (Rossi-Izquierdo et al., 2011) . The improvement in all of these cases results directly from overcoming self-imposed limits on compensation that are a collateral or side effect of compensatory strategies adopted previously. However, ocular tilt (eye torsion) due to otolith organ loss compensates only partially after otolith organ damage and the axis of eye rotation remains misaligned with respect to the axis of head rotation.
A set of visually based vestibular-visual-cognitive interaction tests has proven to be useful as objective, functional outcome measures for customized vestibular rehabilitation programs (Gottshall and Hoffer, 2010) . This test battery is performed in a darkened room with an effective viewing distance of 10 feet. Individuals give a verbal response that is recorded by the test operator. The test battery includes static visual acuity (SVA), perception time (PT), target acquisition (TA), target following (TF), dynamic visual acuity (DVA), and gaze stabilization tests (GST). The PT is measured by calculating the time in milliseconds (msec) that a randomly presented target must be on the screen before accurate subject recognition. The TA metric is the time (in msec) required for generating a saccade from the center of the screen to a new optotype positioned up, down, to the right, or to the left. The TF measures the smooth pursuit speed (in 1/s) at which the subject can accurately track a symbol moving horizontally or vertically at constant velocity. The DVA is measured as the logarithm of the minimum angle of resolution (log MAR) from the Snellen chart optotype scale. The DVA test assesses changes in function from stable acuity to head motion acuity with active horizontal or vertical head motion (Herdman et al., 1998) . The GST metric is the speed in 1/ s at which the subject could accurately hold a target and maintain recognition while performing active horizontal or vertical head motion.
Although posturography and the dynamic gait index (DGI) are useful outcome measures for severely affected individuals, their utility is hampered by ceiling effects in a wide variety of balance disorder populations. The visually based interaction tests have proved to be the most sensitive measure of outcome. The details of findings in specific groups of patients are presented elsewhere (Gottshall and Hoffer, 2010) . Although each test in this battery provides valuable information, the vertical GST is the last measure to improve in our patient populations. This likely indicates that recovery of vestibular function is dependent on the frequency and velocity of motion and that it is related intimately to the prior establishment of gaze stabilization.
5.
Moving forward: a translational approach
Vestibular compensation is a life-long, trainable adaptive process
The term 'vestibular compensation' is used most commonly to describe phenomena that occur after unilateral impairment of the vestibular periphery (Curthoys and Halmagyi, 1999) . The profound effects of compensatory processes on balance control were noted during the latter decades of the nineteenth century in some of the earliest descriptions of the phenomena. The most striking was von Bechterew's report (Bechterew, 1883 ) that unilateral, serial bilateral, and simultaneous bilateral damage to the vestibular periphery showed distinctly different patterns of behavioral recovery. The effects of serial peripheral lesions ('Bechterew phenomenon or compensation') are particularly noteworthy. After functional compensation for a unilateral injury, a lesion of the intact inner ear produced the same nystagmus, eye deviation, body deviation and head torsion as if the previous destroyed vestibular organs were intact. This reproducible phenomenon was accepted as evidence for central compensatory processes for profoundly asymmetric vestibular information (Magnus, 1924 (Magnus, (reprint 1980 ).
Experimental paradigms to study the neurobiological bases for 'vestibular compensation' have focused almost exclusively on naturalistic, short term sequelae of labyrinthectomy. This operational definition is advantageous for reductionist experimental design purposes, but we should not succumb to collective intellectual myopia regarding the relationship of this special case to less drastic adaptive challenges for vestibular function. Vestibulo-ocular, postural and balance control show considerable adaptive plasticity to compensate for less severe perturbations. There are extensive literatures regarding adaptive capabilities of vestibuloocular reflexes to altered visual inputs (Gauthier and Robinson, 1975; Gonshor and Melvill Jones, 1976a,b; Kramer et al., 1998; Schubert et al., 2008; Shelhamer et al., 1992 Shelhamer et al., , 2002 and the more complex cognitive and sensory-motor adaptative learning capabilities of postural and locomotor performance (Bhatt and Pai, 2009; Bronstein and Reynolds, 2007; Bronstein et al., 2009; Earhart et al., 2002; Pavol and Pai, 2002) . Vestibular rehabilitation therapy uses these adaptive learning processes to improve functional compensation. Hence, they should be included in the purview of translationally directed basic studies of 'vestibular compensation'. This more expansive teleological perspective presents vestibular compensation as an adaptive process that maintains stable balance function in the face of challenges that create functional asymmetries in vestibular input. The lack of clinical manifestations of normal developmental asymmetries in the inner ear and vestibular nerve reflects such adaptive processes. Later challenges that are met by compensation mechanisms include spontaneous, age-related loss of vestibular hair cells (Lopez et al., 2005; Merchant et al., 2000; Rauch et al., 2000) , age-and hair cell-related loss of vestibular ganglion cells (Park et al., 2001; VelazquezVillasenor et al., 2000) , central and peripheral effects of chemical exposures to drugs or toxins,and disease.
5.2.
A systems-of-systems perspective of vestibular compensation
The successful outcomes of vestibular rehabilitation therapy provide strong empirical support for the hypothesis that clinical outcomes can be improved by guiding vestibular compensation through a stepwise trajectory of top-down partial recovery states. It recognizes the functional interdependency of balance-related sensorimotor processes and that some adaptive strategies may have to be unlearned because they retard the ability to achieve the next set of goals. Hence, it focuses our attention on the issue of sequentially shaping the conditions so that adaptive mechanisms can achieve a better functional outcome. This approach is tantamount to recasting the basic scientific issue of improving vestibular compensation as a question of identifying appropriate serial interventions (drugs and physical therapy) to guide efficacious functional reorganization of a 'complex adaptive System-of-Systems' (Holland, 1992) for balance control.
A complex, adaptive systems approach for vestibular compensation and rehabilitation can be summarized simply and intuitively. A top-down progression of compensation is a direct consequence of the location of head-referenced vestibular and visual systems atop the inverted pendulum of the neck, trunk and lower limbs, which are governed by both head-referenced and body-references sensorimotor control systems. Because motion intolerance (including nausea and fear of falling) is a consequence of inappropriate VOR, COR and gaze performance, these head-referenced behaviors are limiting factors for the magnitude and dynamics of tolerable body motion (static sway and dynamic motion). In subjects with normal VOR, COR and DP performance, static posture appears to be stabilized by minimizing muscle activation rather than by directly reducing postural sway (Kiemel et al., 2011) and two principal components of motion appear to account for more than 92% of spontaneous static postural sway (Maurer and Peterka, 2005) . In the acute period after sudden unilateral vestibular dysfunction, adaptive suppression of spontaneous nystagmus is accompanied a voluntary limitation of the range and speed of head movements to avoid unpleasant symptoms such as dizziness, disequilibrium, fear of falling and nausea (Herdman and Whitney, 2007) . This reluctance to extend the range and magnitude of motion is the first obstacle to patient compliance with rehabilitation exercises, which must be performed with sufficient speed and range-of-motion to elicit at least mild/ moderate symptoms (Borello-France et al., 1999) . Because head motion due to normal postural sway often elicits motion intolerance, the VOR, COR, gaze and DP exercises are performed initially while seated. The process is then repeated while retraining dynamic control of the inherently unstable bipedal posture of humans (Loram and Lakie, 2002; Loram et al., 2011) , limited by the compensation of headreferenced intolerance that can be induced by body motions.
The clinical data raise the question of whether interim outcomes of vestibular rehabilitation therapy are aligned with quasi-stable, adapted states that are sufficient for a specified normal range of activities. This approach suggests three foci for examining neurobiological mechanisms. Firstly, it is important to identify quasi-stable operating states of balance function in normal and adapting individuals and their neural bases, which may occur at many levels of the neuraxis. For example, functional imaging correlates of cortical visual motion responses are suppressed in compensated patients 5-13 years after unilateral vestibular nerve transaction during acoustic neuroma surgery (Deutschlä nder et al., 2008) . Secondly, it is important to examine dynamic changes in cognitive and information processing performance after vestibular dysfunction and during compensation, both in terms of the trajectory of clinical recovery and as an outcome measure for assessing interventions. Thirdly, it is important to identify and characterize the adaptive and learning mechanisms that facilitate transitions between these operating characteristics, and their interaction with cognitive performance. This strategy, motivated by vestibular rehabilitation research offers the possibility of shaping the recovery trajectory with interventions that target molecular and genetic factors in these compensatory mechanisms. b r a i n r e s e a r c h 1 4 8 2 ( 2 0 1 2 ) 1 0 1 -1 1 1
